Rat livers and microsomes were subjected to electron paramagnetic resonance (EPR) measurements at 77 K. The EPR spectra of the livers from the control group, carbon tetrachloride-, 3-methylcholanthrene-, and 3,3 0 ,4,4 0 ,5-pentachlorobiphenyl (PCB126)-treated rats exhibited an EPR spectrum at g ¼ 2:40, 2.24, and 1.93, which is characteristic of P450 in a resting state. The liver of the PCB126-treated rats showed an additional distinct EPR spectrum at g ¼ 2:49, 2.26, and 1.87 (g ¼ 2:49-species). The heme environmental structure of g ¼ 2:49-species was identified by crystal field analysis using three EPR g-values of the microsome treated with various chemicals. These results indicated that g ¼ 2:49-species is a hemeprotein with cysteine thiolate at the 5th coordination site, and a nitrogenous ligand at the 6th site.
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Numerous animal toxicity studies on polychlorinated biphenyls (PCBs) have indicated their carcinogenicity, immunotoxicity, reproductive toxicity, 1,2) and neurotoxicity.
3-7) PCBs were produced in huge quantities by certain industries until the beginning of the 1970s, so the extent of environmental PCB contamination should be higher than dioxins. PCBs are persistent and widespread in the atmosphere, water, and tissues of fish, wild animals, and humans. 8) They encompass 10 positions of substitution and a theoretically possible 209 congeners, of which 20 with non-ortho chlorine substitution in the biphenyl rings are called coplanar polychlorinated biphenyls (coplanar PCBs). Although the bio-accumulated toxicity of PCBs has been associated with the structure of PCBs derived from ortho-position chlorination, 9) the toxic nature of PCBs might be associated with the presence of trace levels of particular coplanar PCBs.
10-15)
Mammalian liver cytochrome P450s (P450s) are induced by exposure to PCBs. P450s comprise a ubiquitous class of b-type heme proteins that catalyze the hydroxylation of a wide variety of aliphatic and aromatic molecules, and which metabolize physiologically important compounds in most organisms, from protists to plants, insects, and mammals. [16] [17] [18] P450cam (CYP-101) camphor hydroxylase from Pseudomonas putida, the first P450 to be purified in large quantities, 19) was sequenced, 20, 21) and its X-ray structure determined. 22) Electron paramagnetic resonance (EPR) spectroscopy has been employed extensively in the study of Fe(III) P450s and their model compounds. [23] [24] [25] Especially, crystal field analysis using EPR g-values in Fe(III) low-spin P450 has provided definitive evidence in the identification of axial ligands to the heme-iron of P450. Sakurai and Yoshimura 25) studied thiolate-ligated heme iron(III) complexes having naturally occurring protoheme and various biomimetic sixth ligands to learn about the structural properties of P450. These compounds constitute excellent models for the thiolatebinding P450 complex in a ferric state, which can be exhibited by employing crystal field analysis combined with EPR spectroscopy.
In this study, the most toxic coplanar PCB, 3,3 0 ,4,4 0 ,5-pentachlorobipheny (PCB126), was orally administrated to Sprague-Dawley rats. Then the liver tissues and microsomes were used for EPR spectral measurements at 77 K. The heme environmental structure of a unique y To whom correspondence should be addressed. Fax: +81-42-850-2450; E-mail: morita@azabu-u.ac.jp Abbreviations: CCl 4 , carbon tetrachloride; coplanar PCBs, coplanar polychlorinated biphenyls; EPR, electron paramagnetic resonance; P450s, cytochrome P450s; PCBs, polychlorinated biphenyls; PCB126, 3,3 0 ,4,4 0 ,5-pentachlorobiphenyl; 3-MC, 3-methylcholanthrene low-spin Fe(III) hemeprotein induced in the liver was identified by crystal field analysis using EPR g-values in a low-spin state, and evaluated from EPR spectral changes in liver microsome treated with various chemicals. The significance of the induction of a unique hemeprotein found in the PCB126-treated rats is also discussed.
Materials and Methods
Chemicals. 3,3 0 ,4,4 0 ,5-Pentachlorobiphenyl (PCB IUPAC#126: PCB126, stated purity, >99:99%) was purchased from Wellington Laboratories (Guelph, Canada). Carbon tetrachloride (CCl 4 ) and 3-methylcholanthrene (3-MC) were obtained from Sigma-Aldrich (St. Louis, MO). All solvents, including those of dioxin or pesticide measurement grades, were obtained from Nacalai Tesque (Kyoto, Japan).
Animal treatments. Male and female Sprague-Dawley rats were purchased from Japan SLC (Shizuoka, Japan) and acclimated to laboratory conditions for one week prior to treatment. The animals were 6 weeks old and weighed approximately 200 g. Lighting was maintained on a 12-h light-dark cycle. The room temperature and relative humidity were kept at 21 AE 2 C and 55 AE 5%. The rats were fed ad libitum a standard rodent chow (CE-2 by Japan Clea, Tokyo) and had free access to tap water. To line the cage floor, Sun Flakes (Oriental Kobo, Tokyo) were provided as needed. The concentrations of PCBs contained in the floor lining, feed, and tap water were below detectable thresholds, according to data provided by the manufacturers. The study described in this paper was carried out in accordance with the Azabu University Animal Experiment Guidelines. Additionally, the Azabu University Statement of Compliance, with standards for Humane Care and Use of Laboratory Animals, has been accepted by the Office for Protection from Research Risks of Japan (assurance no #A5393-01).
EPR measurement. The liver tissues or microsomes (400 ml) were directly transferred and packed in EPR quartz tubes, rapidly frozen in liquid nitrogen, and stored at 77 K. EPR spectra were recorded at 77 K with an EPR spectrometer (TE-3X; JEOL, Tokyo) under the following instrumental conditions: microwave power, 10 mW; modulation frequency, 9.11 GHz; center field and modulation width, 300 mT AE 100 mT; and sweep time, 4 min. The spectrometer was connected to a digital computer, which was used to store the EPR spectra and for data conversion and to determine g values.
PCB126
, CCl 4 , and 3-MC treated rats. PCB126 was dissolved in corn oil (Hayashi Chemicals, Tokyo) and administered via the oral route using a gastric tube designed for rats. The experimental groups received PCB126 at a dosage of 0.3, 3.0, 30, or 100 mg/kg body weight/d. PCB126 solutions were administered either once in all, or once per d for 4 consecutive d. The animals were subjected to autopsy 24 h after the final administration. To prepare a rat with hepatic dysfunctions, CCl 4 (1.3 g/kg body weight) was injected into the peritoneal cavity, according to the method of Chamulitrat et al. 26) To induce cytochrome P450 specifically, 3-MC was dissolved in olive oil and the solution was given intraperitoneally at a dosage of 20 mg/kg of body weight/d for 3 d. The liver was excised 24 h after the final administration of this solution. The control groups received either corn or olive oil (2 ml/kg body weight/d). The EPR signal in rat liver is not affected by injection.
Preparation of liver tissues and microsomes. Livers obtained at autopsy were perfused with 1.15% KCl. These tissue samples were immediately placed in sample tubes, frozen in liquid nitrogen, and stored at À85 C for EPR measurements. A liver sample was combined with 0.1 mM EDTA in a quantity 3 times that of the sample and 1.15% KCl containing 20 mM of 2,6-di-t-butyl-4-methylphenol. The preparation was homogenized at 1,200 r.p.m. for 10 min, using a Potter-type homogenizer (Iuchi Seieido, Osaka, Japan). Microsomes were prepared via differential centrifugation of the homogenates at 9;000 Â g for 20 min, followed by centrifugation of the resulting supernatant at 105;000 Â g for 60 min, after which the red sediment (microsomes) was collected and stored at À80 C until needed later for analysis. The protein contents in the microsomes prepared in this study were control (untreated by PCB126), 24.95; PCB126 (0.3 mg/kg dose), 27.15; PCB126 (3.0 mg/kg dose), 23.17; PCB126 (30 mg/kg), 32.40; PCB126 (100 mg/kg), 26.39 mg protein/ml microsome. Each microsome (400 ml) was transferred into an EPR quartz tube.
Treatment of livers or liver microsomes with sodium ascorbate, sodium azide, and 1-methylimidazole. Sodium ascorbate and sodium azide were directly added to a final concentration of 1% (w/w) of liver tissues and microsomes respectively. Twenty ml of 1-methylimidazole was added to 480 mg of liver tissues and microsomes respectively. Each sample of the chemical reagents and the liver tissues/microsomes was sufficiently mixed. EPR measurement was done 10 min after the chemical reagent addition. An EPR spectrum is not affected by addition of sodium ascorbate, sodium azide, or 1-methylimidazole.
Results

Observation of animals
Oral administration of PCB126 (given 4 times over 4 consecutive d) did not reduce the body weight of the rats recorded at the time autopsy was performed 24 h after final drug administration. No signs of toxicity were observed in any animal, and none succumbed during the test period.
EPR analysis of the liver tissues of CCl 4 -, 3-MC-, and PCB126-treated rats
Because there were no observed sex-related differences in any of the EPR spectra, the EPR experiments were conducted only on males. These Sprague-Dawley rats were divided into four experimental groups: the control; those treated with an i.p. injection of CCl 4 (1.3 g/kg of body weight); those given an i.p. injection of 3-MC (20 mg/kg of body weight/d) for 3 d; and those orally administered PCB126 (100 mg/kg of body weight). The EPR spectra (at 77 K) of the liver tissues taken from these animals are shown in Fig. 1 . EPR signals, such as those originating from Fe(III) hemeproteins and manganese of Mn(II), were detected in the spectra (Fig. 1a) of the livers taken from the control group. Three g ¼ 2:40, 2.24, and 1.93 (Fig. 1a) were quite similar to those for known signals of low spin Fe(III)P450 in a normal resting state.
24) The EPR spectra of the livers from the CCl 4 -and 3-MC-treated rats (Fig. 1b and c respectively) were in good agreement with those of the control. In the livers of the rats that received PCB126 orally, a distinct spectrum with three g-values (2.49, 2.26, and 1.87) was detected in both sexes (Fig. 1d) but not in the organs of normal animals. Although a faint shoulder absorption was also detected at approximately g ¼ 2:49 in the control, 3-MC, and CCl 4 samples (Fig. 1a to c) , it was of weak and negligible intensity relative to that of the PCB126-treated rats. This spectrum with three gvalues was considered to be derived from the Fe(III) heme in a low-spin. Hereafter, the species exhibiting this spectrum is designated as a g ¼ 2:49-species.
EPR spectra from the livers of rats that received an oral administration of a vehicle or PCB126 (0.3, 3.0, 30, or 100 mg/kg body weight/d) are shown in Fig. 2 . The effect of a dose of PCB126 on the intensity of signals at g ¼ 2:40 and 2.49 was assessed using the signal amplitudes of A and B in Fig. 2e . Others have suggested that Mn(II) signal intensities in the EPR spectra of animal tissues do not vary from sample to sample. 27) Thus the lowest field absorption of the Mn(II) signal was utilized as an internal marker and the peak-to-peak height (C) was measured. As shown in Fig. 3 mean AE SD), the A/C ratio significantly increased dosedependently while the B/C ratio was independent of the dose and remained nearly constant. This result suggests that the administration of PCB126 increases a g ¼ 2:49-species in a dose-dependent manner and does not affect P450s expressing the basal level. The EPR signals from the livers of the PCB126-treated and control groups were observed also on the lower field side, where the signals from the Fe(III) heme in a high-spin were about g ¼ 6, but no marked difference was found between the two groups.
Chemical treatment and crystal field analysis
To characterize a heme complex in a g ¼ 2:49-species, liver tissues and microsomes, obtained from the control group and experimental rats 24 h after administration of PCB126, were treated with sodium ascorbate, sodium azide, and 1-methylimidazole. The addition of sodium ascorbate or sodium azide did not affect the overall line shape of the control EPR spectrum (data not shown), but it was affected by adding 1-methylimidazole to the liver tissues and microsomes taken from the rats that received an orally administered vehicle or 100 mg/kg PCB126, as shown in Figs. 4 and 5 respectively. The signal at g ¼ 2:40 in the EPR spectrum of the control and PCB126-treated liver/liver microsomes disappeared when 1-methylimidazole was added, accompanied by the appearance of a new signal near g ¼ 2:45 (Figs. 4b, d and 5b ). By contrast, the signal at g ¼ 2:49 in the spectrum of the PCB126-treated liver tissues/liver microsomes remained unaltered even after 1-methylimidazole was added. With this addition, the Mn(II) signal markedly intensified, suggesting that Mn with a high valency 27) was reduced to Mn(II) because of the reducing ability of 1-methylimidazole.
Crystal field analysis, using three g-values of Fe(III) hemoproteins and their model complexes in a low-spin, has provided useful information in identifying the heme 
environment.
11,25,28,29) Blumberg 28) and Peisach et al. 29) proposed two crystal field parameters: rhombicity (jR=j) and tetragonality (j=j), both calculated from three g values in various types of low-spin ferric heme complexes. Table 1 shows, for the present samples, the crystal field parameters, calculated by employing a method developed by Bohan, 30) together with those for P450-ligand systems for comparison. A crystal field diagram constructed from the data in Table 1 is shown in Fig. 6 . The parameters belong to the P group (termed by Blumberg 28) and Peisach et al. 29) ), in which the heme has thiolate sulfur from a cysteine residue at the fifth axial site and another ligand at the sixth site. Sakurai and Yoshimura 25) reported that the P group is subdivided into three groups, in which a donor group or atom appearing at the sixth site is nitrogen, oxygen, or sulfur, and thiolate. Hereafter, a group having nitrogen or oxygen at the sixth site is referred to as a PN or PO group, respectively.
Discussion
The present study indicates that PCB126 orally administered to rats induces a unique Fe(III) low-spin hemeprotein in the liver. The hemeproteins in the liver tissues and microsomes were detected by EPR spectroscopy. The heme environmental structure of the hemeprotein was identified from crystal field analysis, using EPR g-values in a low-spin; and it was evaluated from EPR spectral changes of the liver microsome that had been treated by various chemicals. The significance of the induction of a unique hemeprotein in PCB126-treated rats was also discussed.
The EPR spectra of liver tissues from the control group and CCl 4 -, 3-MC-, and PCB126-treated rats exhibited an Fe(III) low-spin spectrum at g ¼ 2:40, 2.24, and 1.93, in good agreement with those reported previously and characteristic of P450 in a resting state.
31) The liver tissues of the PCB126-treated rats showed an additional distinct EPR spectrum at g ¼ 2:49, 2.26, and 1.87. These results indicate that the tissue contents of the liver of the species exhibiting this spectrum (the g ¼ 2:49-species) increased when a PCB126 dose was given, while for the g ¼ 2:40-species expressing at the base level, the dose had no effect. Thus the g ¼ 2:49-species appears to be specifically induced by the administration of PCB126, which suggests that the g ¼ 2:49 signal in the EPR spectrum can be a biomarker for coplanar PCBs in a living body.
The EPR spectra from the liver tissues and microsomes of the control group and PCB126-treated rats were not affected by adding ascorbic acid or sodium azide, while the addition of 1-methylimidazole removed a g ¼ 2:40 signal characteristic of P450 in a resting state from the spectra and induced a new signal at g ¼ 2:45. treated rats did not disappear even when 1-methylimidazole was added. 1-Methylimidazole is a nitrogenous ligand with a strong affinity for heme-iron in hemeproteins. 11) These results indicate that a ligand in which the affinity is equal to or greater than 1-methylimidazole binds to the 6th coordination site of a heme in the g ¼ 2:49-species.
It has been shown that the Fe(III) low-spin heme iron of P450 in a resting state has a thiolate of cysteine residue as the 5th axial ligand and H 2 O as the 6th ligand. 31) In the crystal field diagram (Fig. 6) , P450 of the group treated with a vehicle was located in the PO group, in which P450s in a resting state are included, while the g ¼ 2:49-species of the PCB126-treated group belongs to the same group as does the g ¼ 2:45-species of the 1-methylimidazole-treated liver tissues/microsomes. The latter group (PN group) includes P450 complexes with a nitrogenous ligand as the 6th ligand (Table 1) .
Thus it is probable that the heme in the g ¼ 2:49-species has a cysteine thiolate at the 5th coordination site and a nitrogenous ligand with high affinity for hemeiron at the 6th coordination site. The PCB126 administration group was exogenously supplied PCB126 alone as a chemical. Therefore a candidate for the 6th ligand is the imidazole nitrogen of histidine residue in the distal heme pocket of P450. A band of approximately 58,000 molecular weight of P450 in the microsome was detected by Western blotting. The quantity of a dose of PCB126 tended to increase the P450 induced by oral treatment of it. It appears likely that the P450 induced by PCB126 administration is denatured to form g ¼ 2:49-species, although the process that leads to denaturation remains unclear.
The oxidation of polychlorinated compounds (PCBs and dioxins) by P450s is an important metabolic Table 1 ). Numbers corresponded to those given in Table 1. pathway. 32) Koga et al. 33) reported that tetrachlorobiphenyl was metabolized by a rat's liver microsomes and that P4501A1 was isolated. The denaturation of P450, which results from PCB126 administration or exposure, might seriously impair the metabolic pathway of PCBs.
Effective assay methods and easily detectable biomarkers for PCB exposure have been necessary to elucidate the toxic effects of PCBs. GC/MS analysis and ELISA have been utilized as general detection methods for PCBs in a variety of samples, but these analyses require relatively large amounts of time and/or money. As shown here, EPR spectrometry might provide an effective method for the evaluation of biomarkers specific to PCB exposure and the direct measurement of tissue samples.
